Fanconi anemia (FA) is an autosomal recessively inherited disease with diverse clinical symptoms including developmental anomalies, predisposition to neoplasia, and a deficiency of hematopoietic stem cells resulting in progressive aplastic anemia. FA is genetically heterogeneous with at least 8 genes being implicated on the basis of functional complementation studies. To date, six FA genes are known: FANCA, FANCC, FANCD2, FANCE, FANCF and FANCG, all of which encode orphan proteins sharing no homology to each other nor to any other known protein. In addition, they do not appear to possess any domains with homology to currently known protein domains, which makes a prediction about their molecular action difficult. Studying the molecular evolution of FA genes and their products using sensitive database search methods such as PSI-BLAST may provide novel insight into the nature of the FA pathway and its relationship to hematopoiesis, embryonic development and the origin of malignancies. Preliminary results of such an approach show that at least one FA protein, FANCG, may contain a known domain, suggesting that this protein is a member of the family of tetratricopeptide repeat-containing proteins.
Introduction
Fanconi anemia (FA) is a rare autosomal recessive disorder characterized by multiple congenital anomalies, progressive bone marrow failure, and cancer predisposition, especially acute myeloid leukemia (AML) and squamous cell carcinomas [1, 2] . Cells derived from FA patients show spontaneous chromosomal instability and a characteristic hypersensitivity to DNA cross-linking agents, such as mitomycin C and diepoxybutane [3, 4] . With at least eight distinct disease genes predicted from somatic cell hybridization studies, FA is genetically highly heterogeneous [5] [6] [7] . To date, six FA genes have been cloned [8] [9] [10] [11] [12] [13] [14] , but little is known about the molecular action of their gene products (table 1). All FA genes encode orphan proteins that share no homology to each other nor to any other known protein. In addition, no functional domains have so far been detected in these proteins, making a prediction about their molecular function difficult. In normal cells, the FA proteins FANCA, FANCC, FANCG, and FANCF assemble in a multi-subunit nuclear core complex [15] [16] [17] [18] , which suggests that protein-protein binding domains may be detectable within these proteins. The FA protein core complex, however, fails to be formed in cell lines derived from complementation groups B and E, suggesting an upstream action for the FANCB and FANCE proteins in the FA pathway [19] .
Recently, the FANCD2 gene was cloned [14] and appears to encode yet another orphan protein. Unlike the other FA proteins, FANCD2 is conserved in nonvertebrate animals, such as Drosophila melanogaster and even in the plant Arabidopsis thaliana, indicating that the FA pathway may be conserved throughout eukaryote evolution. In the presence of a functional FA protein core complex, the FANCD2 protein is activated to a monoubiquitinated isoform that accumulates in nuclear foci in response to DNA damaging agents and colocalizes with the breast cancer susceptibility protein BRCA1 [20] .
Since during evolution new proteins typically arise via gene duplication or exon shuffling [21] , it seems very unlikely that FA proteins are without any similarity to other proteins. In gene duplication, the complete gene is duplicated, after which one copy retains its original function whereas the other copy is available for acquiring a new function by the process of random mutagenesis or exon shuffling in combination with selection. Alternatively, the duplicated gene may become inactivated, e.g. by a stop codon, and as a result this gene may remain in the genome as a pseudogene. For example, myoglobin as well as the ·-and ß-families of hemoglobin have all arisen from one ancestral gene, while also several pseudogenes are present in the human genome. Evolution via exon shuffling occurs when a new exon is inserted into an existing gene or when an exon is duplicated within the same gene. Since exons often represent functional protein domains (regions that perform a specific function), acquisition of a new exon could enhance protein function. Tissue-type specific plasminogen activator is an example of a protein that is composed of different functional domains. It contains a finger domain, a growth factor domain, two kringle domains and an enzymatic serine protease domain and is therefore a good example of a mosaic protein, which has presumably arisen by exon shuffling.
Finding similarities between proteins can be an important starting point for the prediction of molecular function, which can then be experimentally tested. However, the recently identified FA proteins: FANCA, -C, -D2, -E, -F, and -G are all unique proteins that lack statistically significant similarities to any of currently known protein domains making predictions about their molecular function difficult. One strategy to bypass this obstacle could be to study the evolutionary conservation among different species and subsequently applying sensitive database search methods in order to identify functionally important domains. Such a strategy would require first that orthologs of FA genes in nonmammalian species, such as fish and Xenopus, are determined. Orthologs are genes that originated from the same ancestral gene at an earlier evolutionary time and are likely to perform the same or a similar function. A multiple alignment is then prepared of these orthologous sequences after which a specific rather than a standard score model is utilized for the protein in question. For each position, each amino acid is given a score depending on how likely it is to occur. This scoring model can then be used for searching the database for similarities in a more sensitive way than the BLAST algorithm. PSI-BLAST (position-specific iterated blast) is an example of a program that is easy to use and applies a position-specific scoring matrix. It performs an iterative search in which sequences found in one searching round are used to build a score model for the next round. We applied this approach focusing on the FANCG protein, which appears to be conserved in the zebrafish. Searching the nonredundant database at NCBI with the C-terminus of zebrafish Fancg using PSI-BLAST revealed a previously unknown similarity to a putative mouse and a Drosophila protein. This similarity is most likely based on the presence of one or more tetratricopeptide repeats (TPRs) [22, 23] in the C-terminus of FANCG. The TPR is a degenerate 34-amino-acid repeated motif with only few loosely conserved consensus residues and is thought to mediate protein-protein interaction. The presence of one or more TPR motifs in the C-terminus of FANCG may be responsible for its interaction with other proteins in the FA protein core complex.
Materials and Methods
Database searches were performed using the BLAST and PSI-BLAST algorithms [24] at the National Center for Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.gov/BLAST/) using the protein sequences of the cloned FA genes as queries. In general, BLAST searches via a protein sequence (i.e. protein to protein database by blastp, nucleotide to protein database by blastx, or protein to nucleotide database by tblastn) are more sensitive than a nucleotide query to nucleotide database (blastn) because they avoid the problem of (functionally silent) sequence divergence due to codon degeneracy. In addition, decreasing the word size parameter from 3 to 2 tends to enhance sensitivity. Identification of possible domains was investigated using Pfam 6.4 (May 2001, 2866 models) [25] at http://pfam. wustl.edu/. Pfam is a collection of multiple alignments and profile 
Results and Discussion

Evolution of FA Proteins
Between mouse and human FA proteins, only 55-80% of amino acids have remained identical during evolution (table 1) . This percentage is further decreased with greater evolutionary distance, such as for human-Xenopus and human-fish ( fig. 1 ). Searching for homologs in nonvertebrate species, such as D. melanogaster, has failed, however. This indicates that apparently too few amino acids have remained identical between human and Drosophila to result in a statistically significant BLAST hit, or that FA proteins just do not exist in lower species. An interesting exception is the FANCD2 protein, which is conserved in Caenorhabditis elegans, D. melanogaster and even plants (A. thaliana), which indicates that at least one FA protein was preserved during evolution. Since FA proteins are thought to function in one pathway, why is this particular FA protein more conserved than the others? Perhaps FANCD2 plays a role in a more ancient pathway on which, later in evolution, the action of the non-D2 proteins has been superimposed. In this scenario, a new regulatory mechanism for FANCD2 activity might have developed during vertebrate evolution. Alternatively, non-D2 proteins do exist in nonvertebrates, but due to their low level of amino acid conservation are undetectable, which essentially means that their BLAST scores do not reach statistical significance.
Secondary structure (distribution of ·-helices and ß-sheets in a protein) and tertiary structure (overall 3D structure of the protein) are generally more preserved than primary structure (amino acids), indicating that many amino acid substitutions do not change the global 3D structure of the protein and therefore do not alter protein function. This is proven by the fact that cDNAs encoding mouse Fanca, Fancc, and Fancg [26-28, H.J. van de Vrugt, unpubl. data], are all able to complement the corresponding human FA cells, despite an amino acid sequence identity of only 62-72% with the human sequence. Research to identify non-D2 homologues in nonvertebrates, such as Drosophila, should focus on database search algorithms, such as PSI-BLAST and Profile searching, which are more sensitive than the commonly used BLAST algorithm. Here, we describe preliminary results obtained by this approach applied to the FANCG protein.
FANCG Shows Homology to the TPR Motif
The FANCG protein appears to be conserved at least down to the ray-finned fishes. Searching the NCBI ESTothers database [which includes expressed sequence tags Blom/van de Vrugt/de Winter/Arwert/ Joenje Phylogenetic relationships of several model species (boxed) commonly used for biomedical research. From these species, complete genome sequences or at least EST sequences, are available that can be used for studying the evolution of the FA proteins. Evolutionary conservation appears to be limited to the chordata. However, the FANCD2 protein is conserved in metazoa and in the plant A. thaliana, indicating that at least part of the FA pathway may be conserved in all eukaryote species. 
Caenorhabditis elegans
Arbabidopsis thaliana amphibians (ESTs) derived only from non-mammalian species] using BLAST revealed a weak but significant similarity (E-value F1 W 10 -4 , word size parameter set at 2 rather than 3) with a zebrafish EST clone (Acc.No. BG302995), which represents the C-terminus of FANCG ( fig. 2) . In order to determine whether a BLAST hit is significant, the algorithm calculates an Expect value (E-value). The Expect value (E) is a parameter that describes the number of hits one can expect just by chance when searching a particular database, thus providing an estimate of whether a hit is significant or not. When the protein sequence of this zebrafish EST is used as a query in a PSI-BLAST search, the human FANCG is detected in the first iteration and is then used for creating a position-specific score matrix. In the second iteration, a weak but significant similarity with a putative mouse protein (Acc.No.BAB28115, E = 1W10 -4 ) was found and in the third iteration a putative Drosophila protein CG6621 (Acc.No. AAF54579, E = 6W10 -7 ). This indicates that at least part of the FANCG protein must also be present in other proteins. This similarity between these proteins is most likely based on the presence of one or more TPRs in these proteins ( fig. 3) . In all these proteins, a TPR motif is predicted by Pfam. The TPR present in a wide variety of proteins including e.g. the subunits cdc16, cdc23, and cdc27 of the multiprotein E3 ubiquitin ligase 'anaphase promoting' complex (APC), several transcription factors, the PKR protein kinase inhibitor, and peroxisomal as well as mitochondrial import proteins [22, 23] . It is usually present in tandem arrays of 3-16 motifs suggesting that FANCG may contain several such motifs. Sequencing the full length zebrafish Fancg gene may help to pinpoint the exact locations of additional TPR motifs in human FANCG. Indeed, Pfam predicts an additional TPR motif in zebrafish In all proteins, a TPR motif is predicted by Pfam with an expected value above the trusted cut-off value. * Note that G521E is a pathogenic mutation in human FANCG which presumably destabilizes the protein or mRNA [29] . In addition, the G546R missense mutation is expressed at normal levels, but fails to complement FA-G cells [29] . Alignment was prepared by using the Boxshade program.
Human FANCG (514-547) AAALISRGLEWVASGQDTKALQDFLLSVQMCPGN Zebrafish Fancg homolog (C-terminus) GPALAGRGLCFLERGQLKEALRDLHLGLQMSPGC Mouse putative 2700016E08 gene (234-267) VEALVARGALYATKGSLNKAIEDFELALENCPTH Drosophila CG6621 gene product (336-369) VEALVARGALYANRGSFLKGLQDFEKALHLNKYH
Consensus TPR by Pfam aeayynlGnaylklgkydeAiedyekALeldPnn
Fancg C-terminus immediately downstream of the first one, but not in the human sequence. An additional TPR motif is predicted at position 246-279 in the human protein, while in both the mouse and Drosophila putative proteins a total of three repeats are predicted. It should be noted that both putative mouse and Drosophila proteins are not homologs of FANCG, but like FANCG, are predicted to contain several TPR motifs. Tandem arrays of TPR motifs are thought to be involved in the assembly of multiprotein complexes, suggesting that TPR motifs in FANCG may play a role in the assembly of the FA protein core complex. Clinical evidence for the importance of this motif at position 514-547 in FANCG comes from the identification of two pathogenic missense mutations in this region [29] . The TPR motif is 34 amino acids long with only few loosely conserved residues ( fig. 3 ) that are conserved in terms of their size, hydrophobicity and spacing. The missense mutation G521E [29] alters a conserved glycine residue and presumably disrupts the TPR motif ( fig. 3 ). In addition, Nakanishi et al. [29] showed that this mutant protein is not detectable by immunoblotting suggesting that the protein or mRNA is unstable. Missense mutation G546R is expressed at normal levels, but fails to correct the cellular defect of FA-G cells, which confirms that this motif may be important for the function of FANCG.
Conclusion
We conclude that using database search algorithms such as PSI-BLAST may be a useful approach to classify FA gene products into known protein families. Preliminary data show that at least one FA protein, FANCG appears to contain a known domain, indicating that this protein is a member of the TPR-containing family of proteins. Since for this approach sequence information for vertebrate orthologs of the FA proteins is required, research should first focus on the cloning and sequencing of these orthologs. Fish and Xenopus deserve priority, be-cause genomic or EST sequence data are already available which is likely to facilitate the cloning of the cDNAs. In addition, fish and Xenopus are much less related to humans than for example rodents or other mammals, and thus will provide a more stringent screen for evolutionary conservation.
